The Spemann organizer secretes several antagonists of growth factors during gastrulation. We describe a novel secreted protein, Mig30, which is expressed in the anterior endomesoderm of the Spemann organizer. Mixer-inducible gene 30 (Mig30) was isolated as a target of Mixer, a homeobox gene required for endoderm development. The Mig30 gene encodes a secreted protein containing a cysteine-rich domain and an immunoglobulin-like domain that belongs to the insulin-like growth factor-binding protein family. Overexpression of Mig30 in the dorsal region results in the retardation of morphogenetic movements during gastrulation and leads to microcephalic embryos. Overexpression of Mig30 also inhibits activin-induced elongation of ectodermal explants without affecting gene expression patterns in mesoderm and endoderm. These results suggest that Mig30 is involved in the regulation of morphogenetic movements during gastrulation in the extracellular space of the Spemann organizer. q
Introduction
The mechanisms of embryonic head induction have been well described in amphibian embryos. Spemann and Mangold (1924) discovered that the dorsal blastopore lip of the amphibian gastrula exerts body axis-inducing activity when transplanted into the ventral side. At the neurula stage, organizer-derived tissue can be distinguished into four regions from anterior to posterior: anterior endoderm, prechordal plate, anterior chordamesoderm and posterior chordamesoderm (Niehrs, 1999) . Mangold (1933) showed that in the neurula stage, the prechordal plate and anterior chordamesoderm, which are derived from anterior endomesoderm in the gastrula stage, have the most potent head-inducing activity.
Recent molecular analyses of the Spemann organizer have shown that it secretes several antagonists of growth factors (Asashima et al., 1999; De Robertis et al., 2000) . In Xenopus gastrula, BMP4 and Xwnt-8 are secreted by the ventrolateral mesoderm and promote ventral development (Christian et al., 1991; De Robertis and Sasai, 1996) . Noggin, Chordin and Follistatin are BMP inhibitors; they bind BMP and prevent it from binding to its receptor to neuralize ectoderm and dorsalize mesoderm (Piccolo et al., 1996; Zimmerman et al., 1996; Iemura et al., 1998) . The Wnt antagonists Frzb and Dkk-1 are expressed in anterior endomesoderm, which has potent head-inducing activity. Frzb possesses sequence similarity with the extracellular domain of the Wnt receptor, Frizzled, and can bind to and inhibit Xwnt-8 (Leyns et al., 1997; Wang et al., 1997) . Dkk-1 has more potent Wnt-inhibitory activity than Frzb (Glinka et al., 1998; Kazanskaya et al., 2000) . A Wnt antagonist can induce a secondary head in synergy with a BMP inhibitor (Glinka et al., 1997) . cerberus, which is expressed in the anterior endoderm of the Spemann organizer, is an multivalent antagonist of Nodal, BMP and Wnt (Piccolo et al., 1999) , and ectopic expression of cerberus induces an ectopic head without a trunk (Bouwmeester et al., 1996) . Inhibition of BMP, Wnt and Nodal signals is sufficient to induce a head (Piccolo et al., 1999) . Thus, the Spemann organizer secretes several antagonists that allow it to establish the head field and dorsoventral axis.
To identify molecular pathways of endoderm specification during gastrulation, we screened for genes induced by the homeobox gene Mixer (Henry and Melton, 1998) , which is expressed in the endoderm during Xenopus gastrulation. Mixer induces a number of endodermal genes including cerberus, endodermin and Xsox17, and is required for endo-derm development. By screening early gastrula animal caps, in which ectopic Mixer had been induced from late blastula, by subtractive and differential hybridization, we isolated and describe here Mixer-inducible gene 30 (Mig30). Mig30 encodes a secreted protein containing a cysteine-rich domain (CRD) and an immunoglobulin-like domain (IGD), and belongs to the insulin-like growth factor-binding protein (IGFBP) family. Mig30 is expressed in the anterior endomesoderm of the Spemann organizer that has potent head-inducing activity, but overexpression of Mig30 mRNA in Xenopus embryos leads to microcephaly. Overexpression of Mig30 mRNA affects gastrulation movements and localization of the gene expression domain, and inhibits activininduced elongation of animal caps, suggesting that Mig30 can inhibit convergent extension movements. These results suggest that Mig30, a member of IGFBP family, is involved in the regulation of morphogenetic movements during gastrulation.
Results

Screening for target genes of Mixer, a homeobox gene required for endoderm development, identifies a novel gene, Mig30
To isolate genes that play an important role in early endoderm development, we searched for the novel targets of Mixer. A homeobox gene, Bix.1, was identified as a direct target of Xbra by using a hormone-inducible Xbra construct (Tada et al., 1998) . We applied this approach and fused Mixer and the ligand-binding domain of the human glucocorticoid receptor (Mixer-GR), which is activated in the presence of dexamethasone (DEX). The screening procedure is described in Fig. 1A . Putative Mixer-inducible genes were isolated, and unknown sequences were selected by virtual Northern blot analysis. The following known genes were isolated: seven clones of Sox17alpha, two of Sox17b , two of GATA4, two of Xotx2, one of cerberus, one of goosecoid and one of Xotx5. Subsequent virtual Northern blot analysis revealed that a clone designated Mig30 was induced by Mixer-GR (1DEX) and not by DEX alone (Fig. 1B) , and this clone was subjected to further analysis.
Mig30 expression by Mixer does not require protein synthesis
Animal cap assays were performed to determine whether Mig30 expression is an early response to Mixer (Fig. 1C) . A low level of Mig30 mRNA was found in control explants, but its expression was strongly induced by Mixer-GR (1DEX), and did not decrease in the presence of the protein synthesis inhibitor cycloheximide (CHX). Mig30 expression was also induced by activin, a mesendoderm inducer (Asashima et al., 1990; Henry et al., 1996) , but it was significantly reduced in the presence of CHX. Exposure to CHX or DEX alone did not increase Mig30 expression. In contrast to Mig30, Sox17alpha (Hudson et al., 1997) expression induced by both Mixer-GR and activin did not require protein synthesis (Fig. 1C) , indicating that Sox17alpha is the primary response gene to both Mixer and activin. These results suggest that Mig30 is activated by Mixer in an immediate-early fashion, but that its induction by activin occurs in a secondary step requiring de novo protein synthesis.
Mig30 belongs to the IGFBP family
A full-length clone of Mig30 (accession number AB035379) was isolated from a gastrula cDNA library and sequenced. Mig30 encodes a protein of 285 amino acids, which is a member of the IGFBP family ( Fig. 2A) . Mig30 has sequence similarity to mouse IGFBP-like protein (34%) and to human Mac25 protein (24%) (Kato et al., 1996) . The function of mouse IGFBP-like protein is at present unknown.
Mig30 consists of a hydrophobic signal sequence followed by a CRD and an IGD (Fig. 2C) . The cysteine residues in the CRD are well conserved between Mig30 and IGFBP-like protein ( Fig. 2A) . The IGD of Mig30 is similar to that of adhesion molecules, such as human roundabout 1 (Kidd et al., 1998) (Fig. 2B) , which is an axon guidance receptor that is expressed in neurons and belongs to the immunoglobulin superfamily.
To determine whether Mig30 is indeed a secreted protein, we injected Mig30 mRNA into oocytes and performed Western blotting with an anti-Mig30 antibody (Fig. 2D ). Mig30 protein was found as diffuse bands in the medium of the Mig30-injected oocytes (lane 6). Mig30 protein was found in Mig30-injected cell extract (lane 5). Mutant Mig30 protein lacking signal sequence (Mig30-DSS) was not secreted, but remained within the oocytes (lanes 3 and 4), suggesting that the signal sequence of Mig30 is required for secretion. The relative molecular mass (M r ) of cellular Mig30 protein is 32 £ 10 3 (lane 5) and this is consistent with the predicted molecular mass. A minor band of M r 68 £ 10 3 was visible, but the band at 68 £ 10 3 and certain other minor bands could not be seen in the cell extract containing mutant Mig30 protein, suggesting that several forms of cellular Mig30 protein are produced by posttranslational modification during the process of secretion. Two smaller bands M r 18 £ 10 3 and 11 £ 10 3 may be proteolysis products (lane 5). The migration pattern was similar under non-reducing and reducing conditions except for an extra minor band of high molecular mass (about 200 £ 10 3 ), suggesting that most of the secreted Mig30 protein is a monomer, but a small portion may form multimers under these experimental conditions. Mig30 therefore encodes a secreted protein that belongs to the IGFBP family.
Mig30 is expressed in the anterior endomesoderm of the Spemann organizer and in endoderm
To determine the localization of Mig30 transcripts during early Xenopus development, whole-mount in situ hybridiza-tion was performed (Fig. 3) . The signal was first detected in the dorsal side in the late blastula before the pigment of the dorsal blastopore appeared (Fig. 3A) . By the onset of gastrulation (stage 10), Mig30 expression had extended into subblastoporal vegetal cells (Fig. 3B ). At stage 10 1 , Mig30 was strongly expressed in the Spemann organizer and in all sub-blastoporal endodermal cells (Fig. 3C) . At the late gastrula stage (stage 12), cells expressing Mig30 migrated to the anterior portion of embryo (Fig. 3D) . Vegetal pole cells also expressed Mig30. As shown in Fig. 3E , signal was detected in the most anterior leading edge and in the endomesoderm corresponding to the future prechordal plate. No signal could be detected by in situ hybridization during neurulation although Mig30 expression could be detected by reverse transcriptase polymerase chain reaction (RT-PCR) (data not shown). In the tailbud stage, Mig30 was expressed in the head region, neural tube, otic vesicles and heart (Fig. 3F) .
To determine whether Mig30 expression is regulated by Spemann organizer activity, we analyzed the pattern of Mixer does not require protein synthesis. Mixer-GR mRNA, 50 pg, was injected into the animal pole region at the one-cell stage. Ectodermal explants were prepared at the late blastula stage. To inhibit protein synthesis, CHX was added to the medium 30 min before addition of activin (100 ng/ml) or DEX, and the explants were then cultured for 2.5 h. Expression of Mig30 and Sox17alpha was analyzed by RT-PCR. ODC serves as a loading control. WE10.5, sibling whole embryo; WE-RT, control reaction without reverse transcription.
Mig30 expression in stage 10 1 embryos exposed to a dorsalizing reagent, LiCl, or to UV, which leads to ventralized embryos (Kao and Elinson, 1988) . Treatment with LiCl led to widespread expression of Mig30 (Fig. 3H) , whereas UV treatment abolished its expression (Fig. 3I) , suggesting that Mig30 expression is regulated by Spemann organizer activity.
Whole-mount immunohistochemistry using anti-Mig30 antibody was performed to determine the sub-cellular localization of endogenous Mig30 protein. Mig30 protein was localized in the Spemann organizer and sub-blastoporal endodermal cells at stage 10 1 (Fig. 3J ). Mig30 protein was clearly detected at the cell-cell boundaries in the subblastoporal region. Mig30 is a secreted protein (Fig. 2D) , so the signal is expected to be on the cell surface. This signal was specific for Mig30, because incubation with normal rabbit IgG gave no specific signal (Fig. 3K ) and the signal was abolished by the addition of antigen peptide (Fig. 3L) .
To describe the domain of Mig30 expression more precisely, we compared its expression at stage 10 1 with that of other organizer genes, including Mixer (Henry and Melton, 1998) , cerberus (Bouwmeester et al., 1996) , Frzb (Leyns et al., 1997; Wang et al., 1997) and chordin (Sasai et al., 1994) (Fig. 4) . Mig30 was strongly expressed in the anterior endomesoderm, the same as Frzb (Fig. 4A, D) . Mig30 was also expressed in the anterior and deep endodermal cells, like cerberus (Fig. 4A, C) . Mig30 was not expressed in the posterior mesoderm where chordin was expressed mainly (Fig. 4A, E) . The Mig30 expression domain overlapped with Mixer only on the dorsal side (Fig. 4A, B) . A comparison of the domains of expression of all these genes is given in Fig. 4F .
We conclude that Mig30 is expressed in the anterior endomesoderm of the Spemann organizer and endoderm during gastrulation. Taken together with the results of the animal cap study (Fig. 1C) , these results suggest that Mig30 is activated by Mixer in vivo.
Overexpression of Mig30 mRNA affects head formation
To determine the biological activity of Mig30, we overexpressed Mig30 in Xenopus embryos by microinjection (Fig. 5 ). When Mig30 mRNA was injected into the ventral region, the embryos developed normally (Table 1 ; average anteroposterior deficiency index (APDI) 4.8, n ¼ 17), but when it was injected into the dorsal region, the embryos displayed a microcephalic phenotype with a normal trunk (Fig. 5A) . We scored the severity of microcephaly according to the APDI (Wallingford et al., 1997) (Fig. 5A and  Table 1 : APDI 5, normal embryo; APDI 4, reduced forehead and slightly cyclopic; APDI 3, cyclopia and reduced cement gland; APDI 2, no eye pigment or no cement gland; APDI 1, truncation of posterior and anterior axial structures; APDI 0, significant A-P axis shortening). Inspection revealed that 52% of the embryos injected with 250 pg Mig30 mRNA exhibited a normal phenotype with a slightly reduced head size (classified as APDI 5), and 49% displayed APDI 4 microcephaly (average APDI 4.5, n ¼ 80). When 500 pg Mig30 was injected, the APDI 5 phenotype decreased to 32%, and the APDI 3 phenotype appeared in 19% (average APDI 3.7, n ¼ 84). Higher concentrations of mRNA (500-1000 pg/blastomere) caused gastrulation defects (incomplete closure of the blastopore) instead of leading to more severe anterior truncations (data not shown).
To characterize the anterior truncations at the molecular level, in situ hybridization for Xotx5 (Kuroda et al., 2000) was performed on tailbud embryos injected with Mig30 mRNA (Fig. 5B ). Xotx5 is a region-specific marker for the pineal gland and eyes in the tailbud stage. In APDI 3 embryos, the domains of Xotx5 expression in the eye were fused, and in APDI 2 embryos, most of the Xotx5 expression in the cyclopic eye disappeared, but it was detected in the pineal gland, suggesting that the pineal gland formed normally in Mig30-injected embryos.
The Mig30 IGD induces microcephaly more efficiently than full-length Mig30
To determine which region of Mig30 mediates the headinhibitory activity, we prepared two mutant constructs that secrete either the CRD or IGD. When 250 pg IGD mRNA was injected into the dorsal region, almost all of the injected-embryos developed microcephaly (average APDI 3.5, n ¼ 79) ( Table 1) . Injection of IGD mRNA induced the APDI 1 phenotype in 1% of embryos (Fig. 5C ). The IGD mRNA was in an approximately 1.3-fold molar excess compared with full-length Mig30 mRNA, but injection of 250 pg IGD mRNA induced microcephaly (average APDI 3.5, n ¼ 79) more efficiently than that of 500 pg Mig30 mRNA did (average APDI 3.7, n ¼ 84). Therefore, the IGD of Mig30 alone is sufficient to induce microcephaly.
CRD affects retina formation
Injection of CRD mRNA into the dorsal region did not induce any anterior defects, but led to excessive retinal pigmentation (48%, n ¼ 27) (Fig. 5D , E), and ectopic retinal pigments were observed in the otic vesicles (data not shown). The trunk and the cement gland were of normal size. Injection of 250 pg CRD mRNA did not lead to microcephaly (average APDI 5.0, n ¼ 59) (Table 1 ), but injection of 500 pg CRD mRNA induced a very mild microcephaly phenotype (average APDI 4.6, n ¼ 58), and 22% of the embryos had gastrulation defects. When coinjected with an equal amount of Mig30 mRNA, the frequency of abnormal retinal pigmentation decreased to 30% ðn ¼ 20Þ, indicating that the effect of CRD can be rescued by coinjection of Mig30 mRNA. Thus, while CRD does not have headinhibitory activity, it can affect retina formation.
Mig30-injected embryos show incomplete separation of the single eye field
It has been proposed that the single eye field formed in the early neurula divides into two separate regions in response to signals from the prechordal plate (Li et al., 1997) . To investigate the positional relationship between the prechordal plate and eye field in the microcephalic phenotype induced by Mig30, we examined the expression patterns of sonic hedgehog (shh) and Rx1 (Fig. 6 ). shh is a molecular marker of midline structures (Ekker et al., 1995) , and Rx1 demarcates the eye field in the early neurula (Casarosa et al., 1997; Mathers et al., 1997) . At stage 13, the prechordal plate, as demarcated by shh expression, was broad mediolaterally in control embryos and the region of Rx1 expression was horseshoe-shaped (Fig. 6A ). In the Mig30-injected embryo (Fig. 6E ), in contrast, cells expressing shh expanded mediolaterally along the midline, and the anterior portion of the prechordal plate did not reach the region of Rx1 expression, resulting in no disruption of the posterior limit of Rx1 expression. This suggests that elongation of the midline is impaired in Mig30-injected embryos. At stage 15, the anterior limit of shh expression in control embryos had almost split the eye field, and the domain of Rx1 expression in the midline had narrowed (Fig. 6B ). In the Mig30-injected embryo, however, the anterior limit of shh expression did not intrude into the Rx1 expression domain (Fig. 6F) . As the neural tube was closing (stage 17), Rx1-positive cells were no longer detected in the midline (Fig. 6C ), but Rx1 expression remained in a single field in the Mig30-injected embryo (Fig. 6G) . When the neural tube had closed completely (stage 19), no shh expression was visible from the outside, and the Rx1 expression domain had completely separated into two regions (Fig. 6D) . Although the neural tube closed in the Mig30-injected embryo, the anterior limit of the region of Rx1 expression remained (Fig. 6H) . These results show that the prechordal plate failed to reach the proper location at the right time to split the single eye field in Mig30-injected embryos, suggesting that the morphogenetic movements were impaired.
Overexpression of Mig30 affects localization of domains of specific gene expression during gastrulation
Next, we investigated the patterns of expression of Xbra, chordin and Frzb in Mig30-injected embryos during gastrulation (Fig. 7) . Xbra was expressed throughout the entire marginal zone at the onset of gastrulation (Fig. 7A ) and in axial mesoderm at a later stage (Fig. 7C) (Smith et al., 1991) . chordin was expressed in the Spemann organizer in the early gastrula stage (Fig. 7E ) and in the anterior axial mesoderm at a later stage (Fig. 7G) (Sasai et al., 1994) . Frzb was expressed in the anterior endomesoderm of the Spemann organizer (Fig. 7I, K) (Leyns et al., 1997; Wang et al., 1997) .
The distribution of chordin and Frzb in the Mig30-injected embryo and control embryo was almost identical (Fig. 7E, F, I , J) at the onset of gastrulation (chordin, n ¼ 14; Frzb, n ¼ 14). Interestingly, no Xbra expression in the dorsal marginal zone was seen in the Mig30-injected embryo (86%, n ¼ 14) after stage 10 (Fig. 7B) . At a later stage (stage 12.5), the axial mesoderm expressing Xbra was short and broad (59%, n ¼ 17) (Fig. 8D) and 35% of the embryos showed no involution of cells expressing Xbra (data not shown). chordin was expressed around the dorsal blastopore lip ðn ¼ 17Þ (Fig. 7H) , and cells expressing Frzb did not move to the anterior portion of the embryo ðn ¼ 17Þ (Fig. 7L) , indicating that overexpression of Mig30 impaired morphogenetic movements. Overexpression of Mig30 therefore inhibited Xbra expression in the dorsal marginal zone at the onset of gastrulation and altered the localization of the regions of expression of chordin, Frzb and Xbra due to retardation of gastrulation movements.
Overexpression of Mig30 inhibits convergent extension movements in activin-treated animal caps
We analyzed the effects of Mig30 on gastrulation movements using the animal cap assay (Fig. 8 ). When treated with activin, the animal cap elongates. This movement mimics the convergent extension movements of dorsal mesoderm (Symes and Smith, 1987; Tada and Smith, 2000) . Convergent extension movements are the cell movements by which polarized mesodermal cells intercalate in the radial and mediolateral directions to elongate along the anteroposterior axis during gastrulation (Keller et al., 1992) . We found that Mig30 inhibited elongation of animal caps in response to activin. But Mig30 did not affect expression of the dorsal mesoderm markers goosecoid, chordin, Xantivin, Xnr1, the ventral mesoderm marker Xwnt8, the pan-mesodermal marker Xbra or the endodermal markers Mixer and Sox17b (Fig. 8G) . These in vitro analyses show that overexpression of Mig30 inhibited activin-induced elongation of the animal cap without affecting expression of mesodermand endoderm-specific genes.
To further investigate the effect of overexpression of Mig30 mRNA on cell behavior, b-galactosidase (b -gal) mRNA was coinjected as a cell lineage tracer into two dorsal blastomeres at the four-cell stage (Fig. 8H, I ). In bgal-injected embryos, b-gal-positive cells were observed in dorsal mesodermal tissue such as somite and notochord and showed clear extension along the anteroposterior axis (Fig.  8H) . In contrast, coinjection of Mig30 mRNA resulted in broad distribution of the b-gal-positive cells (Fig. 8I) . Embryos that failed to gastrulate showed two separate bgal-positive regions and endodermal cells remained a The indicated amounts of RNA were injected into two dorsal (experiments 1 and 2) or ventral (experiment 3) blastomeres at the four-cell stage embryo. Embryos were cultured to stage 40, and APDI was scored according to Wallingford et al., 1997 . Data were pooled from two (experiments 1 and 2) or one (experiment 3) experiment. GD, gastrulation defect (spina bifida). Recently, it has been reported that the secreted factor Xwnt11, which is expressed in gastrula mesoderm, mediates convergent extension movements via dishevelled . Silberblick/Wnt11 function is required for convergent extension movements during Zebrafish gastrulation (Heisenberg et al., 2000) . The mutant phenotype displays abnormal extension of axial tissue, which results in cyclopia and other midline defects in the head. Since this phenotype is reminiscent of the Mig30 mRNA-injected phenotype, one possible hypothesis is that Mig30 antagonizes Xwnt11 activity to inhibit convergent extension movements. To test this idea, we investigated the relationship between Mig30 and Xwnt11 (Table 1 ). When Xwnt11 mRNA was injected into two dorsal blastomeres, anterior structures failed to form. This is probably because overexpression of Xwnt11 leads to a loss of planar cell polarity (PCP), which results in loss of correct convergent extension movements . Injection of Xwnt11 mRNA induced a more severe phenotype than Mig30, in a dose-dependent fashion (Table 1) . When Mig30 and Xwnt11 mRNA were coinjected, the embryos displayed an even more severe phenotype than embryos injected with either Mig30 or Xwnt11 mRNA alone. Moreover, when Xwnt11 (500 pg) and Mig30 (500 pg) mRNA were coinjected, 67% of the injected embryos showed gastrulation defects. These results suggest that, rather than inhibiting Xwnt11 activity, Mig30 enhances the abnormal convergent extension movement caused by overexpression of Xwnt11.
Discussion
Mig30 is a target gene of Mixer
The aim of this study was to identify molecular pathways of endoderm specification during gastrulation. Several factors have been identified as endoderm inducers, including secreted factors such as activin (Henry et al., 1996) and nodal-related (Osada and Wright, 1999) and transcription factors such as Xsox17 (Hudson et al., 1997) , Xblimp1 (de Souza et al., 1999), GATA5 (Weber et al., 2000) and Mixer (Henry and Melton, 1998) . We focused on Mixer as an endoderm inducer and identified Mig30 as a target gene of Mixer in the gastrula stage. Mig30 is probably a direct target gene of Mixer since Mig30 expression induced by Mixer-GR did not require de novo protein synthesis, although we did not look for any Mixer-binding sites (Mead et al., 1998) in the Mig30 promoter region. Mixer is expressed in the ventral endoderm but Mig30 is not (Fig. 4A, B) , suggesting that there may be a mechanism of negative regulation of Mig30 expression in the ventral side of gastrula endoderm.
During screening we isolated several known endodermal genes, including Xsox17alpha, Xsox17b , GATA-4, Xotx2, Xotx5, cerberus and goosecoid. The Xsox17 genes and cerberus, are known to be induced by Mixer (Henry and Melton, 1998) . Each region of expression of these genes overlaps the region of Mixer expression to some extent, but the initiation of expression of these genes does not seem to depend on Mixer. Mixer expression is initiated in the early gastrula, when the Xsox17 genes are already being expressed (Henry and Melton, 1998) . In this study we confirmed that Mig30 expression is initiated at the late blastula stage (Fig. 3A) . We speculate that the role of Mixer in endoderm specification might be to maintain expression of endodermal genes that have already been induced.
Mig30 is a secreted protein that belongs to the IGFBP family
Mig30 is a member of the IGFBP family and contains a CRD and an IGD. To our knowledge, this is the first report of a member of the IGFBP family being expressed in endoderm in the gastrula stage in vertebrates.
Mig30 regulates morphogenetic movements during gastrulation
Although the anterior endomesoderm, where Mig30, Frzb and Dkk-1 are expressed, has potent head-inducing activity (Niehrs, 1999) , microinjection of Mig30 mRNA resulted in microcephaly. There are several possible explanations for the microcephaly induced by Mig30: (1) ventralization of dorsal mesoderm, (2) inhibition of head organizer activity, (3) anti-neuralization, (4) posteriorization of neural tissues and (5) inhibition of gastrulation movements. Expression of dorsal markers in response to activin was unaffected by Mig30 (Fig. 8G) , so microcephaly was not due to ventralization of dorsal mesoderm. Expression of Frzb, a Wnt antagonist involved in head induction, was not affected in embryos overexpressing Mig30 (Fig. 7) , so head organizer activity was not inhibited. Our results cannot rule out the possibility that micrcephaly is due to a block of neuralization or to posteriorization of neural tissues, but overexpression of Mig30 did result in retardation of gastrulation movements (Fig. 7) and inhibition of elongation of activin-treated animal caps (Fig. 8) . Anteroposterior elongation of midline structures in vivo was also affected by overexpression of Mig30 (Fig. 6, Fig. 8I ).
What type of gastrulation movement does Mig30 impair? There are two types of morphogenetic movement of mesoderm; the convergent extension movements that dorsal mesoderm cells undergo, and the fibronectin-dependent cell migration that anterior endomesodermal cells undergo (Gerhart and Keller, 1986) . In Xenopus, inhibition of convergent extension movements induced by a dominant-negative mutant of dishevelled (Sokol, 1996) or Xwnt11 leads to an open blastopore and inhibition of elongation of the dorsal axis, but formation of the head appears normal. Overexpression of Mig30 also resulted in an open blastopore (Table 1 ) and inhibited elongation of animal cap explants, suggesting that it inhibits convergent extension movements. But, the phenotype caused by overexpression of Mig30 is different from that caused by the inhibitors of convergent extension movements. This raises the possibility that Mig30 might inhibit migration of anterior endomesoderm. Injection of sulfatase into the blastocoel also results in inhibition of morphogenetic movements during gastrulation (Wallingford et al., 1997) . It inhibits both convergent extension movements of mesoderm and migration of anterior endomesoderm. Since this phenotype is similar to that caused by overexpression of Mig30, in that both have anterior deficiency, Mig30 might inhibit the migration of anterior endomesoderm, although we did not investigate this directly. However, since the anterior endomesoderm is the very domain where Mig30 is expressed, it is unlikely that Mig30 plays a role in inhibition of cell migration in vivo. Alternatively, overexpression of Mig30 might disrupt the correct polarity of the migrating cells.
What is the mechanism of action of Mig30? Since the Mig30 IGD has sequence similarity to adhesion molecules (Fig. 2B) , and injection of IGD alone mimicked wild-type Mig30 activity in Xenopus embryos (Fig. 5C ), we speculate that Mig30 functions by binding certain extracellular proteins via IGD and inhibiting their activity. As Mig30 is a member of the IGFBP family, Mig30 may bind and inhibit insulin-like growth factor (IGF). IGF-I, however, is not expressed at the gastrula stage (Perfetti et al., 1994) . Xenopus IGF-II was also not expressed at the gastrula stage (T.H. and M.A., unpublished data). Mig30 might therefore bind and inhibit some other protein that might be involved in positive regulation of morphogenetic movements during gastrulation. Recently, it has been shown that in zebrafish, overexpression of Slit, which is expressed in the axial mesoderm, impairs the convergent extension movements of the mesoderm (Yeo et al., 2001) . Slit is the midline repellent acting as a ligand for the Roundabout (Robo) protein, the repulsive receptor, which is expressed on the growth cones of the commissural neurons (Brose et al., 1999; Kidd et al., 1999) . Slit proteins expressed in the axial mesoderm might therefore be critically involved in the changes in the mediolateral intercalation behavior of the mesodermal cells. Since the Mig30 IGD has sequence similarity to that of Robo, it might bind and inactivate Slit to regulate convergent extension movements. This is currently under investigation.
Xwnt11 is a target gene of Xbra and regulates convergent extension movements in mesoderm . However, Mig30 did not inhibit Xwnt11 activity (Table 1) . Overexpression of Mig30 and Xwnt11 synergistically impaired gastrulation movements resulting in anterior defects. Mig30 might act in a different pathway from Xwnt11.
Overexpression of Mig30 had no marked effect on the localization of expression of most genes tested during gastrulation, with the exception of Xbra (Fig. 7) . At the onset of the gastrulation, patterns of expression of chordin and Frzb, which demarcate the Spemann organizer, did not change, but Xbra expression in the dorsal region disappeared. These results differ from the observation that Xbra expression is unaffected in embryos in which convergent extension movements are impaired by Frizzled-7 or dominant-negative Xwnt11 (Djiane et al., 2000; Tada and Smith, 2000) . Although the mechanism in which Xbra expression is inhibited by overexpression of Mig30 is unclear, this downregulation of Xbra expression in the dorsal region could impair gastrulation movements, because Xbra controls convergent extension movements (Conlon and Smith, 1999) . Alternatively, Mig30 might inhibit mesoderm-inducing factors, such as nodal-related factors. Inhibition of nodal-related signaling also leads to microcephaly (Osada and Wright, 1999) . Secondary axis formation by Xnr1, however, was not inhibited by coinjection of Mig30 (data not shown), suggesting that Mig30 does not inhibit Xnr1 activity directly.
Although prospective endoderm during gastrulation was previously thought to move passively, more recent studies suggest that the endoderm provides the main driving force for the internalization of the mesendoderm during the first half of gastrulation (Winklbauer and Schürfeld, 1999) . Since Mig30 is expressed in the entire endoderm at the gastrula stage (stage 10 1 ) (Fig. 3C ), Mig30 may be involved in the promotion of these vegetal rotation movements. Overexpression of Mig30 might disrupt the cell polarity to impair these vegetal rotation movements.
Injection of CRD mRNA resulted in abnormal formation of the retina (Fig. 5D ), but this effect could be rescued by coinjection of Mig30 mRNA (Fig. 5F ), suggesting that CRD acts as a dominant-negative mutant of Mig30. But, since the mechanism of action of CRD is unclear, we are unable to firmly conclude that CRD functions as a dominant-negative mutant of Mig30. Abnormal retina formation may be a nonspecific effect of CRD. Why does anterior endomesoderm express genes, such as Xotx1, Xotx2 , calponin (Morgan et al., 1999) and crescent (Pera and De Robertis, 2000) , that can inhibit gastrulation movements? The Mig30 expression domain in the late gastrula does not converge, but rather expands mediolaterally (Fig. 3D) , while the axial mesoderm expressing Xbra extends along the anteroposterior axis (Fig.  8C) (Smith et al., 1991) . The prechordal plate, as demarcated by shh (Fig. 6A) (Ekker et al., 1995) and Frzb (Leyns et al., 1997; Wang et al., 1997) , also shows mediolateral expansion in the early neurula stage. The mediolateral expansion of the prechordal plate may be essential to the formation of the anterior neural plate with mediolateral expansion. Based on these findings together with the results of our own study, we speculate that the anterior endomesoderm of the Spemann organizer expresses inhibitors of convergent extension movements so that the correct shape forms with mediolateral expansion.
We propose that Mig30 might have a role in shaping the prechordal plate and may antagonize an extracellular factor that controls morphogenetic movements. It will be necessary to identify the Mig30-binding protein to describe the role of Mig30 in Xenopus gastrulation movements more precisely.
Experimental procedures
Subtractive and differential hybridization
Mixer-GR mRNA, 100 pg, was injected into the animal pole of a Xenopus laevis embryo at the one-cell stage. Animal caps were cut at the late blastula stage (stage 9) and cultured in the presence or absence of DEX until the early gastrula stage (stage 10.5). Total RNA was prepared from 30 animal caps, and cDNA was synthesized and amplified with a SMART PCR cDNA synthesis kit (Clontech). Forward subtraction from 1DEX cDNA to 2DEX cDNA and reverse subtraction from 2DEX cDNA to 1DEX cDNA was performed with a PCR-select cDNA subtraction kit (Clontech). The forward-subtracted cDNA was cloned into the SmaI site of pGEM 3Zf(1) (Promega) to construct a cDNA library enriched with Mixer-inducible genes. The bacterial colonies were picked, cultured in 96-well microplates overnight and stored as glycerol stock at 2808C. cDNA inserts were PCR-amplified from the transformants, alkaline-denatured and arrayed manually onto Hybond N 1 membranes (Amersham Pharmacia) according to the manual of the PCR-select differential screening kit (Clontech). Two identical blots were made. Membranes were hybridized with forward-subtracted cDNA or reversesubtracted cDNA as probes labeled with the AlkPhos direct system (Amersham Pharmacia). A total of 1062 clones were screened, and 76 clones that hybridized more intensely to the forward-subtracted probe than to the reverse-subtracted probe were selected for sequencing. Of these, 42 clones were of unknown sequence. Mixer-inducible genes were selected by virtual Northern blot analysis, in which gene expression was analyzed on a blot of SMART PCR products. Finally, five clones found to be induced by Mixer-GR in the presence of DEX, and then a full-length clone of Mig30 (pMig30), were isolated from the gastrula cDNA library.
RT-PCR
Total RNA was extracted from embryos or explants with TRIZOL (Life Technologies). After DNase I treatment (Life Technologies), 1 mg of total RNA was converted to cDNA with Superscript II (Life Technologies), and 2% of the cDNA was then used for the RT-PCR reaction in 25 ml, and 20% of the PCR product was separated by 2% agarose gel electrophoresis and stained with ethidium bromide. The primers used were: Mig30 (5 0 -GTTGTGCAGATGCTGTGACC-3 0 and 5 0 -TAGCAGAGTTGGAGTGGAGG-3 0 ), Xantivin (5 0 -CCATTTCGTAAAGTAGGACTGAGCG-3 0 and 5 0 -TTC-CGTTGCTAACAGGGCTG-3 0 ), chordin (Sasai et al., 1994) , EF1alpha (Takahashi et al., 1998 ), goosecoid (Blumberg et al., 1991 , Mixer (Henry and Melton, 1998) , Sox17al-pha and Sox17b (Hudson et al., 1997) , ODC (Agius et al., 2000) , Xnr1 (Lustig et al., 1996) , Xwnt-8 and Xbra (Tanegashima et al., 2000).
Construction of the expression plasmids
The open reading frame (ORF) of Mixer (Henry and Melton, 1998) was PCR-amplified from gastrula cDNA with the primers 5 0 -TAGGATGGACACGTTCAGCC-3 0 and 5 0 -TAAGAGGTGGAGACACCTAGCG-3 0 , and it was cloned into the StuI site of pCS2-GRZ (a gift from M. Whitman) (pCS2-Mixer-GRZ) or pCS2 (pCS2-Mixer). To construct Mixer-GR, the region encoding the C-terminus of Mixer was amplified by PCR using the primers 5 0 -AG-CAGAGGATCCTGATGCAG-3 0 and 5 0 -CCCAGATCT-CAGGTTGTCAAGCACAGA-3 0 . The PCR product was digested with NcoI and BglII and ligated into pCS2-Mixer-GRZ in-frame with human glucocorticoid receptor (pCS2-Mixer-GR). For the injection study, the coding region of Mig30 (PstI fragment of pMig30) was sub-cloned into the StuI site of pCS2 (pCS2-Mig30). To construct pCS2-Mig30-DSS, amino acid M1-K26 was deleted and an initiation codon was introduced by PCR using the primer 5 0 -CCCGAATTCCCATGGGTTGGGCCAAGCACATA- 
In situ hybridization
Whole-mount in situ hybridization was performed as described previously (Harland, 1991) . When using wildtype embryos, pigment was bleached as described (Zorn et al., 1999) if necessary. To detect deep endoderm signals, wild-type embryos were cut sagittally in 0.1% Tween20 in phosphate buffered saline (PBS) (PTW) with stainless steel razor blades (Feather Safety Razor). To produce the Mig30 antisense probe, pMig30 was digested with SpeI and transcribed with T7 RNA polymerase. For Frzb and Mixer, pCS2-Frzb and pCS2-Mixer were digested with EcoRI and ClaI, respectively, and transcribed with T7 RNA polymerase. For the Rx1 probe, pGEM-Rx1 was digested with SacII and transcribed with Sp6 RNA polymerase. Other probes were prepared as described elsewhere: chordin (Sasai et al., 1994) , cerberus (Bouwmeester et al., 1996) , shh (Ekker et al., 1995) , Xbra (Smith et al., 1991) and Xotx5 (Kuroda et al., 2000) .
In vitro transcription
Capped mRNA for the injection study was synthesized with a mMESSAGE mMACHINE kit (Ambion) and purified on a DEPC-treated Chroma Spin column 300 (Clontech). pCS2 plasmids were linearized with NotI and transcribed with Sp6 RNA polymerase. Xwnt11 mRNA was prepared as described previously .
Oocyte injection and Western analysis
Oocyte manipulation was carried out as described previously (Kessler and Melton, 1995; Piccolo et al., 1999) . Mig30 mRNA, 20 ng, was injected into oocytes, and five oocytes were coincubated in 50 ml of 0.05% bovine serum albumin (BSA) in OR2 for 48 h. The five oocytes were homogenized in 10 ml/oocyte of extraction buffer (1 mM PMSF, 40 mM Tris-HCl pH 7.5 and 10 mM ethylenediamine-tetraacetic acid (EDTA)) and centrifuged for 5 min at 48C to remove the yolk. The equivalent of half of one oocyte and 2 ml of the conditioned medium were loaded in each lane in 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Western blotting was performed with ECL plus kit Full (Amersham Pharmacia).
Antibody
Polyclonal anti-Mig30 antibody was raised in a rabbit against Mig30 C-terminal peptide (C-DDEDAYERS-REGPSGSHE) coupled to keyhole limpet hemocyanin and affinity-purified with the antigen peptide coupled to resin (Sawady Technology). Anti-Mig30 antibody was diluted 1:500 (1 mg/ml) for Western analysis and 1:50 (10 mg/ml) for immunohistochemistry.
Immunohistochemistry
Embryos were fixed in MEMFA and stored in Dent's fixative overnight at 2208C. They were then rehydrated in PTW and blocked in blocking solution (2 mg/ml BSA and 10% heat-inactivated donkey serum in PTW) for 1 h at room temperature. The embryos were subsequently incubated in anti-Mig30 antibody in blocking solution overnight at 48C and washed in 0.1% BSA in PTW for 5 h. To confirm that the signal was specific for the anti-Mig30 epitope, antigen peptide was added to the primary antibody incubation at a concentration of 3 mg/ml or normal rabbit IgG (Sigma) was used as the primary antibody at a concentration of 10 mg/ml. Donkey anti-rabbit IgG conjugated with alkaline phosphatase (Jackson ImmunoResearch Laboratories, Inc.) was used as the secondary antibody. The secondary antibody incubation (dilution 1:500) and washes were carried out as described above. Staining was developed with BM purple (Roche).
X-gal staining
Embryos were fixed in MEMFA for 30 min and washed in PTW twice. Then embryos were transferred into X-gal buffer (1 mg/ml X-gal, 10 mM K 3 Fe(CN) 6 , 10 mM K 4 Fe(CN) 6 , 1 mM MgCl 2 in PTW) and incubated at 378C. Embryos were fixed in MEMFA and pigment was bleached as described previously (Zorn et al., 1999) .
Xenopus embryos
Embryos were fertilized in vitro and dejellied in 3% cysteine hydrochrolide in 0.1 £ MMR (10 mM NaCl, 0.2 mM KCl, 0.2 mM CaCl 2 , 0.1 mM MgCl 2 , 0.5 mM HEPES, pH 8.0), and cultured in 0.1 £ MMR (pH 7.4). They were then injected with mRNA in 3% Ficoll in 0.5 £ MMR (pH 7.4). Animal caps were cut in 0.5 £ MMR. DEX was added to 10 mM and CHX to 10 mg/ml. For activin (a gift from Y. Etoh) treatment, the animal caps were treated with 100 ng/ml activin in 0.1% BSA in 0.5 £ MMR. For LiCl treatment, embryos were treated with 0.12 M LiCl in 0.5 £ MMR at the 32-cell stage for 40 min. For UV irradiation, embryos were dejellied 15 min after fertilization and exposed to UV radiation for 60 s with a UVG-11 UV lamp (UVP). Embryos were staged according to Nieuwkoop and Faber (1975) .
